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ANALYSIS OF UQUID-PROPELLArir ROCKET ENGINES 
DESICaffiD BY F. A. TSANOR^ 

Leonid S. DusWdn ana Yevgaiy K. Moshkin (USSR)^ 

One of the characteristics of the scientific and technical activity of P. A. 
Tsander In the area of the developmart of rocket technology and astronautics was his great 
activity and productivity in fomulatlng and conducting engineering woiic on the practical 
utlHzatlcxi of the principles of reactive motion. He ves moved by a deqp conviction of 
the possibility of acconplishlng mamed space flight In the imnediate future within the 
existing level of science and technology. A prcxnlnent scioitist in researching a wide 
circle of problems in the theory of reactive motlm and Interplanetary fli^t, Tsander 
devoted a slgilficant part of his efforts to practical engineering and desigi problems 
directed toward producing e^ojerlmental llquid^?^opellent roctet «iglnes suitable for use 
in flying vehicles of various types. 

An extensive list of topics for practical investigation and development, formu- 
lated by Tsander, was devoted mainly to the energetics of reactlm oiglne power plants. 

It Included investigatlcxis In the ai^llcatlon of metals and supplementary fhel In liquld- 
prqpelloTt rocket engines (URE), the successful arollcation of new thermcdynamlc cycles, 
the development of deslgis and utillzaticxi of operating processes In LFRE, and the search 
for ways to Increase the efficiencies of the assembly and the specific liipulse of the 
engine. First among these taisks was the problem of producing reliable sanples of liRE. 
Tsander gave great consideration to the practical development of liREs, and considered it 
basic to the successful development of rocket technolog;y and the creation of the founda- 
tions of astronautics. At the same time he clearly recognized the great conplexlty and 
difficulties in solving this problem. 

Ihe hig^ scientific and engineering erudition of Tsander in the area of avlaticxi 
engine deslgi and related technologies, his insigit Into choices for developing rocket 
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technology, and his knowledge of the state and level of developmaits in various areas of 
science in the USSR and abroad, pemitted him to develop his own original program of 
work—a program deslgied for successful completion with a minimum of effort and expense, 
and within the limited possibilities of obtaining material and technological assistance. 
IMs program provided for the development of methods for englrffiering calculation of engine 
processes and the choice of the optimum parameters for the operation of its assemblies; 
the development of laboratory models of LPRE and e^qjerlmental tests to verify theoretical 
calco!.ations, and the selectlai of rational shs^s and dimensions of the structural ele- 
ments; the construction and finishing of engines, mounting them in test vehicles, and 
carrying out fll^t tests. 

P. A. Tsander successfully realized this program between 1928 and 1933 • He 
perfonned the first and second stages in individual order without interrupting his main 
activity in the avlatlai industry. He performed the third stage of work with a small 
group of young specialists in the experimental-design organization, the Gfexjup for Study 
of Jet Propulsion (GIRD), created in Moscow during the fall of 1931 and headed by S.P. 
Korolev. 

A number of studies in the history of the development of rocket technology and 
astronautics ccxislder the practicail worses of P.A. Tsander on LPRE as Important stages in 
the develc^ment of Soviet rocket technology, but his works are often dealt with schemat- 
ically, without a detailed analysis of their directionality, originality, and maturity 
of creative solutions, or their scientific, technical, and pjractical value. An attenpt 
is made in this repxjrt to deal with the practical works of Tsander on LPRE in more detail, 
on the basis of preserved archive materials, and also on the basis of personal recollec- 
tions of the authors of the report, since they were fortunate to be his students and work 
under his directlOTi GIRD cai LPRE during 1932-1933. 

The development of methods for calculatLig the engineering performance of LPREs 
began to occupy Tsander at the beginning of the 1920s. His basic idea Involved the con- 
struction of an Interplanetary craft combining the features of an airplane with a llquid- 
propiellfnt rocket, in vrttLch certzdn metaulllc parts of the airplane and rocket structure 
are used as supplementary fuel after they are no Icxiger needed, when the craft had p)assed 
out of the atmosphere. 

The choice of propellents was a fundamental problem. Prom the very beginning, 
Tsander dwelt on his choice of cryogenic propellents as having the highest energy p»t«i- 
tial — liquid oxygen as the oxidizer and liquid hydrogen as the fuel. Later he regarded 
liquid hydrogen as promising the greatest potential, but for the initial stage of the 
woric he chose the more readily available aviation gasoline as the fuel for LPRE. The 
orlentatlcm toward aviation gasoline as the fuel in an oxygen IPRE, instead of liquid 
hydrogen, resulted not only from the difficulties in producing and handling liquid 
hydrogen during this time, but also because Tsander, in developing his ideas about a 
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ccxttined airplane and rocket In an interplanetary craft, wanted to use a single fuel for 
both engines onboard the craft 

F. A. Tsander provided for the poss.-j ^ity of . ‘ 'ig liquid oxygen not only In 
pure fom, but also in the form of a mixture of liquid aii- with various values of oxygen 
concentration, that permitted not only performing work in stages on the LPRE, but also 
lirproved the performance of the ordinary aviation pitijn engines. 

An Important theoretical result of Tsander* s vgork was the development of an 
engineering method for propellant calculations of oxygen-propellent rocket engines that, 
for practical purposes, determined the basic parameters of the engine and the structural 
elements. Consideration of the effect of dissociation of gases, precise determinatlcai of 
the heat transfer coefficients of the gases to the chamber wall and of the wall to the 
surrounding medium, and the calculaticxi of the volume and shape of the combustion chamber, 
wer^ characteristics of this method. This method produced data close to the actual values, 
and established Tsarders calculations in LPRE in the class of mature and original scien- 
tific and technical solutions. These calculations were pei'formed during 1930-1931» but 
were first published only in 1937 in the form of an article in the collection Raketnaya 
tekhnika (Rocket Technology) No. 5, under the title **Thenral Calculation of a Liquid- 
Propellent Rocket Engine.” 

EXPERIMENT/Ia INVESTIGATi™s OF THE OPERATING PARAMETERS AND 
STRUCTURAL ELE3®7TS OF A REACTION ENGINE m TOE 
LABORATORY MODEL 

Occupied with the deve'»opment of methods for engineering calculation of the 
operating processes and structural eleme^its of LPRE, Tsander became ccaivinced that it was 
impossible to give a satisfactory answer to many problems without obtaining experimental 
data lacking in the related sciences and technology. This Involved propellent mixture 
formation in the chamber, combustion processes, discharge, heat exchange, etc. Thus arose 
the necessity of producing a laboratory model to experimentally verify the initial assump- 
ticais. The production of LPRE models thus assumed great lirportance in formulating and 
mastering experimental techniques, 

The result was the production of the reaction engine OR-1. Without dwelling on 
a description of the OR-1 device, which is covered in the technical literature, we will 
note only the characteristics and role of this engine in desigi developments cn LPRE. 
Tsander prepared calculations for the OR-1 according to his original technique for 


In the 1930s Eugen Sanger pursued a similar line of research in Germany, as he 
sought to create a "space transporter.” Se' Irene S&iger-Bredt , ”The Silver Bird Story: 
A Memoir,” in this volume — 
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determining the parameters of LPRE. Liquid oxygen in mixture with liquid air served as 
the oxidizer. It is natural that the first tests of the engine begem vd.th the slnplest 
version, l.e., vilth ordinary compressed air, vrtth conslderatlcai of its gradual enrichment 
with oxygmi, ccncludlng with pure oxygen. 

Experimental results obtained In tests of the OR-1, carried out vd.th gasoline 
and conpi^ssed air, verified the calculation techniques, and gave Tsander the basis for 
continuing to desi^ LPRE with the use of liquid oxygen and gasoline ais propellants. The 
CR-1 oiglne permitted selecting the deslgi ^luticxis for the LPRE chamber. In this 
respect, the OR-1 should be considered a prototype of the OR-2 oxygen LPRE also produced 
by Tsander. 

m evaluating this stage of Tsander' s experimental wortc on the OR-1 laboratory 
model, one can conclude that it marked the producticai In the USSR of the first curating 
model of a rocket aigine operating with liquid fUel and a gaseous oxidizer, and slgilfi- 
cantly aided the systematic development of works in producing oxygai LPRE and rocket 
vehicles at GIRD. 


DEVELOPMENT OF Hffi GASOLINE-OXYGEN LPRE OR-2 FOR 

¥ 

■fflE PILOIED VEHICIE (ROCKET PLANE) RP-1 

One of the problems posed by this new technr i the USSR was the develop- 
ment of a suitable avlaticn LPRE. In order to provide a specific inpulse as 

possible, and taking Into account the promise of cryogenic fuels, Tsander selected liquid 
oxygen and gasoline as propellants for the OR-2 engine. In the long-range plan of LPRE 
development, he still contenplated sing metal to supplement the prc^llants, and also 
proposed using the so-called "ccxiverglng and diverging ccaie," In which the thermal action 
and acceleraticai of the gas flow was acccnpllshed. However, caking into account the 
necessity of developing the OR-2 engine in a short time and providing for its high 
operati(x>al quality, Tsander refrained from applying metal additives and the "converging 
and diverging cone" at this first stage of M?rk. 

Ch the basis of preliminary calculations, he selected 3 OO sec as the engine 
operaticxi time, sufficient for valid testing of the engine in fll^t, a thrust of 50 kg, 

p 

sufficient for accaipllshing fli(^t, and a chamber pressure of 6-8 kg/cm . In such a 
pressure regime with a sufficiently hlgi specific lirpulse, the heat flow from the gases to 
the chamber wall, as determined by Tsander 's calculations, would have relatively small 
values, and reliable cooling of tlie combustion chamber could be successfully provided. 

It is important to note that Tsander acccnplished the development of LPRE in the 
first stage of work. The complex engine plant Included all the systems and devices 
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necessary fcjr operating the liHE In flight on the piloted vehicle — ^the coirijustlai chamber, 
the fuel supply system, the lauixh ass«rbly, and the Ignition, operating node , and cut-off 
controls. Vte vdll also note briefly sone of the structural characterls. Ics of tj*. .evel- 
oped OR-2 engine. Tsander gave great consideration to the soiutlcai of the problems of 
prc^Uant mixing. Taking into account the properties of gasoline combustion, he designed 
the structure of the chamber so that individual jets of gasoline, delivered to the cham- 
ber toward t;' nozzle along the chanfljer axis, were brokai up into fine particles by the 
gaseous oxygen altering the OR-2 contoustion chamber at its upper part radially through 
slots in the chan4>er wall. The fine drops of gasoline mixed well and burned with the 
proper conpleteness in the medium of gaseous oxygen. 

Tsander considered the creaticn of a reliable chamber and nozzle cooling system 
as an Important problem In praluclng IPRE. His calculations showed that liquid oxygen had 
better characteristics than gasoline a3 a cooling liquid. Msreover, the liquid oxygen 
evaporates in cooling the chamber walls, Improvlxig the mixing, which was Just discussed. 

Thrust regulation was first provided in the design of the OR-2 engine. 

"nozzle valve" was developed for this purpose. Depending on the position of the control 
lever, varicxis numbers of radially positioned holes were gpradually covei^ed in the inner 
cavity of the valve. Each fixed position of the control lever correspcnded to a specified 
thrust developed by the engine. In designing the engine, the possibility of multiple 
firing of the eng. .» was considered and provided for with the application of a hl^volt- 
age spark plug as the Igiition source. 

Tsander also accounted for the technological possibilities of production; as a 
result, the entire engine assembly was fabricated successfully and made ready for tests. 

The deslgi of the CH-2 allowed for disassembly, and indlvldiial components and parts could 
be replaced or repedred during flnrJ. adjustment and operatic^'.. Tsander and his students 
developed a flight model that assisted placement of the assemblies of the engine plant in 
the RP-1 rocket plane. 

The firing tests of the OR-2 were carried out wlfcho>»v F. A. Tsander, was in 
the hospital in Kislovodsk during the test days. The teste occun’ed on ^ferch 18, 

March 21, March 26, and April 28, 1933. These were the tests of the first engine Installa- 
tion of liPRE produced at GIRD in a fonn suitable for mounting In p. flying vehicle. Of 
course, the first tests did not achieve the expected satisfact'^ry results. Tnere were 
chamber burnouts, exolosive ccmbustlon processes with firing, etc. .Mevei’theless , the 
results of the experimental data verified the possibility of liiplementing LPRF for piloted 
vehicles with high-c'.lorlc fuel. To Increase the reliability of operation of ttis engine, 
Improve its operational qualities, and reduce tlie time for preparing the engine for test, 
it was necessary to carry out laborious final adjustments and search for and select the 
most rational solutions with partlax Improvement of the structural elanents of the engine. 
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This lii|>rovaiient, acconpUshed by Tisander's students A. I. Polyamy, the 
authors of this report, and other collea&ies at GIRD, nainly Involved realizing the 
foUcwlng measure. FLrst, to de<srease the teig>erature of the gases in the chsober, it 
ms decided to xeplace the gasoline idth a highly concentrated solution of ethyl alcctol, 
which had been specified by TSander in case difficulties were encomtered with gasoline. 
Second, to improve the heat-^iieldlng of the contiustlon chenber and nozzle, it was 
decided to protect the inner walls of the chanber and nozzle with a refractory heat-insu- 
lation layer. Coatings based on naffiesluB oxide were used for the nozzle, and a lw d n u w 
oxide for the chanber. IMs pe*wiitted sliqplllVlng the design of the conbustion chseha* 
and fuel supply system. 

Hie new version of the engine was identified as 02, and was finally prepared ct 
the Jet ftopulslon Research Institute .lANII) during 193^1935* Hie firing tests, operat- 
ing with liqMld oxygm and 93t ethyl alccdiol, obtained a conbustion chenber pressure of 
2 

11 kg/'em , a thrust of 100 kg, a ^leclfic Ispulse on the order of 200 sec, ari a flxdng 
duration of 6u sec. In 1936 the 02 engine was applied in flight tests of the 206 winged 
rocket desi^yied by S. P. Itorolev. Ihstallatlon of the original OR-2 engine on the RP-1 
rocket plane was not acconpliahed because the alriYerae was used for other puz^nses as the 
light airplane BICh-1. 

TB/Euyemfi op the lo qiqine the oird-io rocket 

The second engine develcgied by Tsander was intended for the isigulded liquid- 
propellent rocket GIRD-10, produced in 1932-1933 at GIRD for solving a rasnbar of scien- 
tific research problems. It differed fftn the GIRD-09 rocket devejioped during this same 
period in that both ri'opellant conponents were stored In the QIRD-10 rocket In liquid 
fcam. Hus, the GIRD-10 rocket was the first domestic rocket that operated with LPRB. 
Numerous calculations carried out by Tsander, and particularly his students, preceded the 
design of this engine. In the initial version of the 10 engine. It was preposed to use 
liquid oxygen, gasoline, and molten or powdered metal as a fuel additive. However, In 
anticipation of technical and technological difficulties, this version was rejected. 

After further calculation and deslgi searches, the development of LPRE for the 
QIRD-10 rocket was acconplished with the application of liquid oxygen and ethyl alcohol. 
Hiis engine, given the Index 0-10, as well as the OR-2 engine, was Initially desigied by 
Tba der In the form of a cocplex engine plant coordinated with the parameters and fu- 
tures of the rocket Itself. Tsander later participated in its development. Hie design 
of the entire engine plant was preceded by thorou^ hydraulic, gas-dynamic, and structural 
calculations, with cKxisideration given to the production possibilities available at GIRD. 
We win briefly note some properties of this LPRE deslgp. 
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Ttie combustion chanter was all metal and pear-shaped, with a preconbustion 
chanter and extenial liquid oxygen flow cooling. The abs«ice of heat-insulation refi^c- 
tory coatings permitted producing a chanter of very low weight, which was very Inportant 
since the chamber was intended for testing an a rocket under flight cwditions. The 
cciriJination of external liquid oxygen flow cooling with its partial evaporation in the 
coolli^ channel, and the presence of the precombustion chanter, ensured good mixing of the 
propellants and complete coirtestion in the chanter. In this case, the solution of this 
set of problems can be considered identical in the 0-10 and CB-2 engines. 

Tb sun up the test operation of the 0-10 engine carried out in 1Q33 without 
Tsander, the following data were obtained: propellants— liquid oxygwi and 851 ethyl 
alcohol, chanter pressure — ^l(X«g/cm , throst — 65-70 kg, specific Inpulse— 175 sec. 'Zhe 
duration of continuous operation was 15-20 sec. I©iitic»i of the engine was acconplished 
with a sparic plug. An expulsion system from a corpressed air accunulator fed propellants 
to the engine coctestion chanter, ite mounting selected for the ermine plant in the 
rocket was so successful that it obtained practical application in later designs, and its 
basic features are preserved to the present day. 

The first test flight of the GIRD-10 rocket occurred on Nove?rter 25 ^ 1933 > near 
Moscow. Ihe aitire engine assent)ly Tunctiaied normally during this test; the engine 
developed a thrust of 70 kg, and the rocket was successfully launched. During the flight, 
however, because of mechanical malfunctions in the conbustion chanter, the rocket changed 
its direction of flight and landed with the engine still running. 

The flight test of the first Soviet LPRE verified the promise of the scientific 
and technical direction developed at GIRD, and aided in accelerating the development of 
subsequent rocket desigis in the USSR. Fridrikh Arturovich has characterized P. A. 

Tsander In the area of LPRE as a pixxninent theoretical scientist and talented engineer, 
distinguished by exceptional energy and single-snindedness in the realization of his ideas. 
His calculations, desigi, and experimental WDrk on LPRE and rockets at the Initial stage 
of develcpmait of rocket technology in the USSR show that he created his own school in 
the theory and design of reaction engines. Besides his engineering and theoretical 
developments, Tsander fashioned from a number of his students a large group of specialists 
who worked successfully In the following years in the area of rocket desi^ in Industry, 
in scientific laboratories, and in educational institutions. 


105 



